Novel technologies for bio-adsorbent production are being evaluated on the lab-scale in order to find the most adequate processing alternative under technical parameters. However, the poor energy efficiency of promising technologies can be a drawback for large-scale production of these bio-adsorbents. In this work, exergy analysis was used as a computer-aided tool to evaluate from the energy point of view, the behavior of three bio-adsorbent production topologies at large scale for obtaining chitosan microbeads modified with magnetic and photocatalytic nanoparticles. The routes were modeled using an industrial process simulation software, based on experimental results and information reported in literature. Mass, energy and exergy balances were performed for each alternative, physical and chemical exergies of streams and chemical species were calculated according to the thermodynamic properties of biomass components and operating conditions of stages. Exergy efficiencies, total process irreversibilities, energy consumption, and exergy destruction were calculated for all routes. Route 2 presents the highest process irreversibilities and route 3 has the highest exergy of utilities. Exergy efficiencies were similar for all simulated cases, which did not allow to choose the best alternative under energy viewpoint. Exergy sinks for each topology were detected. As values of exergy efficiency were under 3%, it was shown that there are process improvement opportunities in product drying stages and washing water recovery for the three routes.
Introduction
Nowadays, there is an increasing interest in developing sustainable and green-chemistry-based ways to synthesize novel materials for applications in emerging industries. Industrial wastewater treatment is a major global problem, mainly due to the restricted quantities of water that can be re-used along with the high cost of purification. In recent years, appropriate technologies for the treatment of wastewater and other effluents have raised great interest due to more strict laws and regulations [1] . The literature reports a variety of processes to water treatment and there are a lot of technologies used for this purpose. Among these methods, adsorption stands out as an effective, efficient and low-cost technology [2] . The adsorbents may be of mineral, organic or biological origin and are selected according to their applications. Polymeric adsorbents have been widely used to remove organic pollutants from industrial wastewater, but in recent years, the use of adsorbents produced from biomasses, organic residues and biopolymers have attracted interest due to its high availability and environmental issues related to disposal of residual biomasses and wastes [3] . In this sense, chitosan-based adsorbents have been evaluated showing high removal yield for several substances such as heavy metals, polycyclic aromatic hydrocarbons, among others [4] .
Materials and Methods
In this study, chitosan obtained from shrimp exoskeletons is used as feedstock to synthesize bio-adsorbents which are further modified with nanoparticles. Chitosan is a polymer present in many organic structures in Nature. It is commonly obtained from crustacean wastes through chitin deacetylation techniques [15] . The design and modeling of the processing routes for bio-adsorbents production is developed using a computer-aided process engineering software. This tool requires process information as mass and energy balances, operational conditions, reaction yields, among others. It is important to point out that the information required for the simulations were obtained from literature and experimental results previously published by the authors [16] . Another issue that must be considered is the input of an adequate thermodynamic model which allows estimating most accurate physical-chemical properties of the substances. The simulations give the extended energy and mass balances considering the operational conditions and processing routes of each design. The above parameters are important due to their uses to perform the exergy analysis for each alternative. Finally, exergy indicators are evaluated to compare each chitosan microbeads processing technology with the aim to identify improvement opportunities and screen the most suitable design from an exergy basis. 
Processes Simulation
Process simulation mainly implies selecting chemical components used in the process, choosing an appropriate thermodynamic model, setting processing capacity, using suitable operating units and setting up input conditions such as mass flow rates, temperature, pressure, among others [17] . For the simulation of large-scale production processes of chitosan microbeads was used the industrial process software Aspen Plus, the chemical species required for the simulations were taken from the software database. For those compounds which are not available in the software database, molecules were created using the Aspen Property Estimator based on the properties reported for these species in the literature [18] . It was necessary to create components such as titanium isopropoxide and chitosan during the development of this work. The thermodynamic model Non-Random Two Liquids (NRTL) was selected for process simulations taking into account its good performance in the prediction of thermodynamic properties for polar/non-polar mixtures.
Process 1: Production of Chitosan Microbeads Modified with TiO 2 Nanoparticles via Green Chemistry
The production process of chitosan microbeads modified with TiO 2 nanoparticles (CMTiO 2 ) is developed through three specific subprocesses. The first subprocess is the lemongrass oil extraction where organic compounds such as myrcene, undecyne, neral, among others are obtained based on a green chemistry synthesis. These substances are used as surfactants to guarantee the nanosize of the particles. Lemongrass is first pretreated for cellulosic material removal, then it is sent to drying and crushing to reduce the particle size. Thus, the lemongrass oil is obtained in a liquid-solid extract. The second subprocess is the synthesis of TiO 2 nanoparticles. This stage uses titanium tetraisopropoxide (TTIP) as a precursor for TiO 2 nanoparticles through hydrolysis reactions. Propanol is formed as a by-product of the reaction. Hydrolysis reaction stoichiometry is described as follows:
As mentioned earlier, this stage involves the formation of TiO 2 nanoparticles via hydrolysis of TTIP. This substance is first diluted to a concentration of 100 mM under controlled conditions and sent to the hydrolysis reactor system. On the other hand, the oil extract (obtained from the first subprocess) is added and mixed with the main stream in the reactor [9] . Figure 1 shows the process diagram for the large-scale production of chitosan microbeads modified with TiO 2 nanoparticles. After TiO 2 synthesis the main stream is sent to a separation train composed of three washing units where the pH is stabilized. In the second unit, ethanol is used for washing, while for the first-and third-units water is used. In this separation stage, moisture content of the product is reduced. Finally, the product is sent to a drying unit to obtain the bio-adsorbents with water content equal to zero. The third subprocess begins after TiO 2 nanoparticles formation. Chitosan microbeads are prepared from chitosan (main raw material). In the first tank, a chitosan dissolution is prepared at a concentration of 2 w/v %. The solution is mixed in a second vessel with acetic acid (2 w/v %) obtaining a chitosan gel solution. This gel mixture is sent to another mixing stage where TiO 2 nanoparticles are added. The mass ratio between chitosan and TiO 2 nanoparticles is 1:2. In this stage, chitosan microbeads modified with TiO 2 nanoparticles are formed. For product formation is necessary to set alkaline conditions, hence, NaOH (at a concentration of 2.5 M) is used to reach the pH required [16] . Finally, the microbeads are physically mixed through an ultrasound-assisted agitation system. It is important to point out that the above procedure is developed at a temperature of 28 • C. The resulting microbeads have high moisture content so it is necessary to perform a separation stage where a train of washing and drying units are used to purify the bio-adsorbents. For all process units the operational pressure is 1 atm. 
Process 2: Production of Chitosan Microbeads Modified with TiO2 and Magnetite Nanoparticles
Production of chitosan microbeads modified with TiO2 and magnetite nanoparticles (CMTiO2-Mag) is divided into two main subprocesses. Subprocess (1) is related to the synthesis of magnetite nanoparticles while subprocess (2) to the microbeads formation. For magnetite nanoparticles synthesis, the first stage implies the preparation of iron oxides solutions (FeCl3 ·H2O and FeCl2 ·4H2O) at a temperature of 301.15 K [19] . Subsequently, these solutions are mixed and sent to a heat exchanger unit to reach a temperature of 353.15 K. Thus, the resulting stream is fed into the iron oxides reactor where magnetite is produced along with NaCl and H2O. In order to form the nanoparticles, NaOH is added at a concentration of 2 % v/v. The outlet stream of the reactor is cooled to 301.15 K, and sent to a separation stage. In this stage, the nanoparticles are separated using magnetic fields. The above allows removing non-ferrous material. To reach higher purity, the magnetite nanoparticles are fed into a separation train composed of three consecutive washing units (an analog system used for CMTiO2 process). Finally, the main stream is sent to a furnace unit where the microbeads are completely dried. For the final product, it is desired to obtain a mass ratio for chitosan, TiO2 and magnetite of 2:1:1, respectively. On the other hand, second subprocess CMTiO2-Mag alternative is similar to subprocess (3) of CMTiO2 design described in Section 2.1.1 but the modification with magnetite is incorporated after TiO2 nanoparticles modification. Thus, it is important to mention that these modifications are related to physical mixing processes. Figure 2 shows the process diagram for the large-scale production of chitosan microbeads modified with TiO2 and magnetite nanoparticles. Production of chitosan microbeads modified with TiO 2 and magnetite nanoparticles (CMTiO 2 -Mag) is divided into two main subprocesses. Subprocess (1) is related to the synthesis of magnetite nanoparticles while subprocess (2) to the microbeads formation. For magnetite nanoparticles synthesis, the first stage implies the preparation of iron oxides solutions (FeCl 3 ·H 2 O and FeCl 2 ·4H 2 O) at a temperature of 301.15 K [19] . Subsequently, these solutions are mixed and sent to a heat exchanger unit to reach a temperature of 353.15 K. Thus, the resulting stream is fed into the iron oxides reactor where magnetite is produced along with NaCl and H 2 O. In order to form the nanoparticles, NaOH is added at a concentration of 2% v/v. The outlet stream of the reactor is cooled to 301.15 K, and sent to a separation stage. In this stage, the nanoparticles are separated using magnetic fields. The above allows removing non-ferrous material. To reach higher purity, the magnetite nanoparticles are fed into a separation train composed of three consecutive washing units (an analog system used for CMTiO 2 process). Finally, the main stream is sent to a furnace unit where the microbeads are completely dried. For the final product, it is desired to obtain a mass ratio for chitosan, TiO 2 and magnetite of 2:1:1, respectively. On the other hand, second subprocess CMTiO 2 -Mag alternative is similar to subprocess (3) of CMTiO 2 design described in Section 2.1.1 but the modification with magnetite is incorporated after TiO 2 nanoparticles modification. Thus, it is important to mention that these modifications are related to physical mixing processes. Figure 2 shows the process diagram for the large-scale production of chitosan microbeads modified with TiO 2 and magnetite nanoparticles. 
Process 3: Production of Chitosan Microbeads Modified with Thiourea
The third process evaluated consists in the large-scale production of chitosan microbeads modified with thiourea. In this process, thiourea is mixed with the main stream after chitosan gel formation. The process follows to the microbeads formation using diluted NaOH. Finally, the microbeads are purified through washing and drying stages. The mass ratio for chitosan and thiourea is 1:1. Figure 3 shows the process diagram for the large-scale production of chitosan microbeads modified with thiourea 
Exergy Analysis
Thermodynamics-based tools such as energy analysis, exergy analysis, emergy analysis, among others have been applied for evaluation of industrial systems and thermal energy storage processes [20] . The first and second law of thermodynamics serve as a theoretical basis for energy analysis, along with the calculation of energy efficiencies for the studied processes. However, an energy balance not necessary provides information associated with the energy losses or quantifies the quality of the mass and energy streams of the evaluated routes. Exergy analysis is presented as an alternative tool which allows surpass the limitations of the laws of thermodynamics for a desired process [21] . Exergy analysis also shows the source of energy degradation in a process and can help to optimize an operation, a technology or a processing unit [22] . In addition, exergy analysis allows evaluating 
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Thermodynamics-based tools such as energy analysis, exergy analysis, emergy analysis, among others have been applied for evaluation of industrial systems and thermal energy storage processes [20] . The first and second law of thermodynamics serve as a theoretical basis for energy analysis, along with the calculation of energy efficiencies for the studied processes. However, an energy balance not necessary provides information associated with the energy losses or quantifies the quality of the mass and energy streams of the evaluated routes. Exergy analysis is presented as an alternative tool which allows surpass the limitations of the laws of thermodynamics for a desired process [21] . Exergy analysis also shows the source of energy degradation in a process and can help to optimize an Energies 2019, 12, 1200 6 of 16 operation, a technology or a processing unit [22] . In addition, exergy analysis allows evaluating several process technologies to improve the design of a process. The above means that the exergy analysis is an appropriate tool to assess novel technologies for any chemical process. The exergy is defined as the maximum theoretical useful work that could be obtained from a system that interacts only with the environment. Considering that the exergy of a system depends on the selected state of reference, it is usual to choose standard environmental conditions as the reference state. Based on steady-state conditions, four balance equations have to be addressed to determine work/heat interactions. The first equation is the mass/matter conservation principle given by Equation (1), the second equation refers to the first law of thermodynamics given by Equation (2) . The third equation refers to the second law of thermodynamics given by Equation (3):
A fourth equation is addressed to formulate the exergy balance for around the system during a finite time interval given by Equation (4):
Exergy consumed is the product between the entropy generated and the environmental temperature, as follows in Equation (5) The Equation (4) can be expressed in terms of the mass exergy entering or leaving the system (Ex mass,in and Ex mass,out ), exergy flow by heat (Ex Heat ), exergy flow by work (Ex work ), and exergy loss (Ex loss ), in mathematical terms as follows:
Ex mass,in − Ex mass,out + Ex Heat − Ex work = Ex loss (6) Calculation of exergy flow by mass transfer is shown in Equation (6), it can be defined as a sum of physical exergy (Ex phy ), chemical exergy (Ex che ), potential exergy (Ex pot ), and kinetic exergy (Ex kin ), according to Equation (7):
Ex mass = Ex phy + Ex che + Ex pot + Ex kin (
The chemical exergy is calculated using the chemical exergy per mole of each component. The estimation of the chemical exergy per mole is performed based on the free energy of formation (∆G i ) and the specific chemical exergy of each atom presented in the molecule (Ex chem,j ):
The exergy of a heat stream Q is determined by the Carnot factor as follows:
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where T o is the environment (or reference) temperature and T is the temperature at which Q is available. Finally, the last term in the exergy balance (Ex work ) is associated for losses by work. Equation (10) gives the relation between these parameters:
There is exergy destruction in operational processes due to its irreversibilities, the thermodynamic efficiency is associated with the amount of exergy loss. For measuring these losses, process exergy efficiency (Ψ) is formulated. This term is defined as an indicator to determine the degree of used exergy, given by Equation (11):
Exergy loss Exergy input (11) Sorin et al. [23] mentioned that it is possible to perform the exergy balance considering all incoming and out-going streams in a defined system. The total exergy input of any real process/system is ever higher than its output. The above is related to the fact that always an amount of exergy is irreversibly lost within the system.
Results
The chemical composition of lemongrass oil used in process 1 is summarized in Table 1 . This raw material reports high content of moisture, and organic compounds as myrcene, undecyne, nerol, geranial, among other [24] . These substances are the key compounds in the lemongrass extract and are used to guarantee the nanosize of the TiO 2 nanoparticles. The oil content in the lemongrass is about 1.10% of the total mass while the moisture and solid contents are approximately 71.23% and 27.67%, respectively. The above implies that the oil extraction method has to be highly efficient to reach acceptable/required yields. Most of the solid contents in lemongrass is cellulosic biomass, therefore it was assumed (for simulation purpose) that all solid content is cellulose. Process simulation flowsheet of large-scale production of chitosan microbeads modified with TiO 2 nanoparticles is shown in Figure 4 . And the pressure, temperature, composition and flows of main process streams are shown in Table 2 . As is described in Section 2.2, the system is composed of three sections: (1) Lemongrass oil extraction; (2) TiO 2 nanoparticles synthesis, and (3) CMTiO 2 production. For subprocess (1), stream 1 represents the inlet flow of the main feedstock (lemongrass). This stream is sent to washing and drying stages for cellulosic material removal and moisture reduction, respectively. After feedstock cleaning, the material is sent to a crusher unit for size-reduction. The above is performed with the aim of increasing the surface contact between the lemongrass and the extraction media (water). The liquid-solid extraction (infusion stage) is developed by a heating-sedimentation stage where the oil extract is separated in the upper site of the unit while the residual solids remain at the bottom. The oil extract is obtained with high moisture content (99% w/w) so the stream passes through an evaporation unit to reduce the water content close to 3% w/w. Finally, the oil extract is cooled until 28 • C, and it is stored. Subprocess (2) starts with the preparation of TTIP solution and the hydrolysis reaction where the TiO 2 nanoparticles are synthesized (see stream 39). In the case of subprocess (3), this stage starts with the production of the chitosan gel considering inlet flow according to the composition of stream 43. Stream 39 is added to the mixing tank where the CMTiO 2 are formed maintaining the required proportion of 1:1 for Chitosan and TiO 2 , respectively. Finally, the product obtained with a flow of 232.03 kg/h according to stream 56. 
Simulation of Large-Scale Production of Chitosan Microbeads Modified with TiO2 and Magnetite Nanoparticles
The simulation for the second processing route of bio-adsorbents production was performed based on general mass/energy balances, and operational conditions obtained from literature and lab experiments. Figure 5 shows the simulated process flowsheet of large-scale production of chitosan microbeads modified with TiO2 nanoparticles and magnetite. Table 3 summarizes the main streams and operational conditions of this process. As it was described, this designed system is constituted by two main subprocesses: (1) Magnetite nanoparticles synthesis, and (2) chitosan microbeads production (with nanoparticles modification). For magnetite nanoparticles synthesis, stream 1 and 2 represent the inlet flow of main feedstocks: FeCl2··4H2O and FeCL3··6H2O, respectively. The reaction between these iron chlorides and NaOH generates magnetite (desired product) along with hematite, water and sodium chloride. For simulation purpose, it was assumed that all produced hematite is magnetite. After reaction stage, the stream is sent to separations processes where all impurities are removed from the product. The magnetic properties of these nanoparticles allow separating them using a magnetic field or a magnet [19] . Finally, the dried and purified magnetite nanoparticles are sent to the second subprocess, the chitosan microbeads modified with the nanoparticles (TiO2 and magnetite) are sent to purification stage where the desired product is obtained dried and with high purity with a mass flow rate of 307.86 kg/h. The simulation for the second processing route of bio-adsorbents production was performed based on general mass/energy balances, and operational conditions obtained from literature and lab experiments. Figure 5 shows the simulated process flowsheet of large-scale production of chitosan microbeads modified with TiO 2 nanoparticles and magnetite. Table 3 summarizes the main streams and operational conditions of this process. As it was described, this designed system is constituted by two main subprocesses: (1) Magnetite nanoparticles synthesis, and (2) chitosan microbeads production (with nanoparticles modification). For magnetite nanoparticles synthesis, stream 1 and 2 represent the inlet flow of main feedstocks: FeCl 2 ·4H 2 O and FeCL 3 ·6H 2 O, respectively. The reaction between these iron chlorides and NaOH generates magnetite (desired product) along with hematite, water and sodium chloride. For simulation purpose, it was assumed that all produced hematite is magnetite. After reaction stage, the stream is sent to separations processes where all impurities are removed from Energies 2019, 12, 1200 10 of 16 the product. The magnetic properties of these nanoparticles allow separating them using a magnetic field or a magnet [19] . Finally, the dried and purified magnetite nanoparticles are sent to the second subprocess, the chitosan microbeads modified with the nanoparticles (TiO 2 and magnetite) are sent to purification stage where the desired product is obtained dried and with high purity with a mass flow rate of 307.86 kg/h. The simulation of the third processing route was developed according to the subprocess stage for chitosan microbeads production described for CMTiO 2 and CMTiO 2 -Mag processes. In this case, the modification of the microbeads does not require the synthesis of any nanoparticles because the thiourea is introduced to the process as an available raw material. After this stage, the stream is sent to microbeads production and purification stages. Table 4 reports the main mass flows and operational conditions of this process. Figure 6 shows the simulated process flowsheet of large-scale production of chitosan microbeads modified thiourea. Finally, in this process alternative are produced 155.23 kg/h of chitosan microbeads modified with thiourea according to stream 13. The simulation of the third processing route was developed according to the subprocess stage for chitosan microbeads production described for CMTiO2 and CMTiO2-Mag processes. In this case, the modification of the microbeads does not require the synthesis of any nanoparticles because the thiourea is introduced to the process as an available raw material. After this stage, the stream is sent to microbeads production and purification stages. Table 4 reports the main mass flows and operational conditions of this process. Figure 6 shows the simulated process flowsheet of large-scale production of chitosan microbeads modified thiourea. Finally, in this process alternative are produced 155.23 kg/h of chitosan microbeads modified with thiourea according to stream 13. 
Exergy Analysis of the Routes Simulated
These large-scale production processes can be generally divided into two main stages: nanoparticles preparation and chitosan microbeads formation. Considering the results of simulations and composition of each stream, chemical and physical exergies were estimated. Table 5 shows the estimated and reported chemical exergies of main components for bio-adsorbent processing routes. The higher chemical exergies correspond to those compounds with the longest carbon chains in its molecular structures (undecyne, myrcene and chitosan). Chemical exergy for common components as water, NaOH, or acetic acid was found in literature [25] . Table 6 reports the results obtained for exergy performance indicators for each processing route. CMTiO 2 route presents the lowest exergy efficiency performance with a 0.04%. For CMTiO 2 -Mag and CMThi processes were obtained a corresponding exergy efficiency of 2.83% and 2.50%, respectively. From a general viewpoint, the performance of the exergy efficiency was significantly low for all bio-adsorbent processes. This result implies that these designs might require technological improvements to reach better exergy and energy performances. In this sense, CMTiO 2 requires special attention due to its exergy efficiency shows that almost 100% of the inlet exergy is lost through the operation. Figure 7 shows the exergy destruction of each bio-adsorbent processing route. The process with higher irreversibilities is CMTiO 2 -Mag with an exergy flow of 182,698.34 MJ/h, followed by CMTiO 2 route with destroyed exergy of 144,445.08 MJ/h. The performance of this parameter is congruent respect to exergy efficiencies obtained for all processes. For CMTiO 2 route , it was found that the stage with the highest irreversibilities was the separation train. This stage is composed of three consecutive centrifuges representing approximately 53.00% of total irreversibilities for this process. The use of other separation technologies may contribute to reduce exergy losses. For the case of CMTiO 2 -Mag route, it was obtained that microbeads-drying unit was the stage with the highest irreversibilities with a contribution of 41.05%, followed by washing unit in the separation stage (see "Lav4" in Figure 5b ) with a 24.20%. In the case of CMThi route, drying unit was the stage with the highest exergy destruction representing 92.48% of total irreversibilities. The above results (for all cases) imply that these designs require better/improved separation technologies/stages to avoid several irreversibilities. This also could contribute to obtaining higher exergy efficiencies for each process.
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